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Abstract 
Sloshing in ship tanks and piston-mode resonance in moonpools are discussed. A nonlinear analytically based multimodal 
method is used to explain how sloshing depends on the liquid depth in 2D flow. The importance of 3D flow with possible 
swirling and chaos for nearly square base tanks as well as vertical cylindrical and spherical tanks is emphasized. The many 
physical phenomena involving fluid mechanic and thermodynamic parameters as well as hydroelasticity effecting slamming load 
effects and associated scaling from model to full scale for LNG are discussed. 
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1. Introduction 
Sloshing in ship tanks can be violent and involve strong coupling with external wave-induced shiploads. There is 
a variety of ship tank shapes comprising rectangular, prismatic, tapered and spherical tanks as well as horizontal 
cylindrical tanks. The liquid may be oil, liquefied gas, water or high-density cargoes like molasses and caustic soda. 
Possible slamming damages have imposed filling-ratio restrictions for LNG sea transportation in prismatic tanks. 
Vertical tank motions cannot excite sloshing according to linear theory. Parametric resonance is possible with 
vertical tank motions. The mechanism is similar as for the Mathieu equation. The fact that the effective gravitational 
acceleration is the sum of the gravitational acceleration and the tank’s heave acceleration causes time-dependent 
restoring coefficients in the differential equations for the generalized coordinates of the free-surface elevation 
(Faltinsen and Timokha [1]). Parametric resonance can lead to strongly nonlinear waves.  
Sloshing in other engineering fields are discussed in Faltinsen and Timokha [1]. Tanker vehicles with partially 
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filled tanks can roll over when changing lanes on the highway. Since it is a transient problem and it takes time to 
build up large response, linear free-surface conditions are appropriate. Faltinsen and Timokha [1] used a linear 
modal theory that transforms the potential-flow problem of an incompressible liquid into a multidimensional system 
of linear ordinary differential equations with generalized coordinates of the natural sloshing modes. Only the lowest 
mode was used and approximated for a circular cross-section by a horizontal dipole. The dipole singularity was 
determined by a variational formulation involving the Rayleigh quotient. Satisfactory agreement with experiments 
was documented by this very simple theory. Sloshing in partially filled containers must also be analysed in the 
dynamics of freight trains. Sloshing-induced loads in onshore tanks due to earthquake motions must be considered 
in the tanks’ design. Offshore applications include oil-gas-separators on floating platforms with resonant waves on 
the oil-water and gas-oil interfaces. Perforated plates are introduced perpendicular to the flow direction to minimize 
sloshing and increase operational time. Resonant liquid motion can damp roll motions of ships and vibrations of tall 
buildings by tuning the roll natural period or an important natural vibration period to a natural sloshing period. Both 
U-tube and free-surface tanks are used. Free-surface nonlinearities are unimportant in building applications but 
matter for free-surface anti-rolling tanks. Resonances in harbours are also of concern. Important natural periods are 
from a few minutes for artificial harbours to several hours for large natural bays. The fact that spacecraft orbiting the 
Earth are at close to weightless conditions significantly affects sloshing in fuel tanks. Surface tension plays a 
dominant role instead of gravity. The following text has ship applications in mind. 
2. Moonpool resonance 
Resonant water oscillations can occur in a moonpool, which is an opening in the middle of the ship used for 
marine operations. Piston-mode oscillation is the most important resonance. The word ‘piston’ refers to the liquid 
moving nearly one-dimensionally as a rigid body in vertical direction. A large amplification of the free-surface 
amplitude in the moonpool relative to the vertical ship motions occurs. A consequence of that the resonance 
oscillations is part of the external water domain of the ship is generation of far-field waves, which damps the 
resonance oscillations. However, flow separation at sharp corners in the moonpool opening causes more important 
damping of the piston-mode resonance oscillations.  Free-surface nonlinearities are less important for piston mode 
resonance than for sloshing in a ship tank. Fredriksen et al. [2] studied numerically and experimentally the moonpool 
problem in 2D. A numerical domain decomposition method was applied. The viscous flow near the hull with flow 
separation was coupled with a high-order Harmonic Polynomial Cell method at a distance from the hull. Using a 
conventional Navier-Stokes solver for the whole water domain can lead to inaccuracies in describing surface wave 
propagation and significantly increase computational time. Nonlinear body-boundary conditions are important in 
describing resonant roll damping due to flow separation.  The heave motion of the hull is significantly affected by 
the presence of the moonpool. Good agreement between experimental and numerical values of piston-mode 
amplitude as well as heave and roll of the hull was demonstrated. The maximum moonpool response does not occur 
at the piston-mode resonance frequency, but happens instead at a nearby heave natural frequency associated with 
small damping. A reason is cancelling of the forcing due to heave and wave diffraction at the moonpool resonance 
frequency.  
Can we avoid solving Navier-Stokes equations in the moonpool problem? Faltinsen and Timokha [3] combined 
potential flow with an empirical pressure drop condition in the moonpool analogous to flow through a screen that 
modified the free-surface condition in the moonpool. Good agreement with experimental resonant moonpool 
amplitudes was obtained for forced heave motions of a 2D section. 
3. Weakly nonlinear analysis 
Faltinsen and Timokha [1] analyzed resonant sloshing in a tank as a weakly nonlinear problem. The assumptions 
are potential flow of an incompressible liquid, no overturning waves and infinite tank-roof height. The tank-wall 
surface must be vertical in the free-surface zone. The free-surface shape is represented as a Fourier series with time-
dependent coefficients and the velocity potential is expanded in terms of the linear eigenmodes for sloshing. The 
series are substituted into the Bateman-Luke variational formulation. Ordinary nonlinear differential equations 
coupling the generalized coordinates of the free-surface elevation and the velocity potential are derived. Asymptotic 
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ordering of the generalized coordinates are required to truncate the system of differential equations. The sloshing 
problem differs significantly from the exterior free-surface problem for ships and offshore structures in finite and 
infinite water depth, where the lowest order term is the same order as the wave slope. The lowest order term in the 
sloshing analysis is smaller order than the excitation, which expresses that resonant liquid motion occurs. Damping 
has to be added in order to reach steady-state oscillatory conditions. The damping increases, in general, with 
increasing excitation amplitude and decreasing liquid depth-to-tank length ratio because of breaking waves. Viscous 
boundary-layer damping is small. Derivation of the asymptotic nonlinear modal system generally assumes resonant 
sloshing with the excitation frequency V  to be near the lowest natural sloshing frequency. However, the method is 
not limited to periodic excitation. When employing an asymptotic ordering, the methods are categorized as single-
dominant, multi-dominant and Boussinesq-type methods. How many modes are dominant depend on secondary 
resonance. The necessary conditions for secondary resonance are that , 1nn nV V !  and that 1/  is close to one. 
Here nV  means the nth natural sloshing frequency. The probability of secondary resonance increases with decreasing 
liquid depth-to-tank length ratio and increasing excitation amplitude. For instance, nV  is 1n  according to linear 
shallow-liquid theory of an inviscid liquid in a two-dimensional rectangular tank. The consequence is that many 
natural modes must be considered dominant in the corresponding shallow-liquid flow (e.g., Boussinesq-type) theory.  
The multimodal methods are computationally very fast and easy to couple with the ship motions. The methods are 
more suitable than a CFD method to understand the many different flow configurations that can occur during 
sloshing.  
It explains how energy is nonlinearly transferred from the lowest (primary excited) to different higher sloshing 
modes of liquid motion and how nonlinearities can cause chaos, secondary resonances, multi-branched steady-state 
solutions and 3D steady-state wave systems such as swirling. Chaos (instabilities) and swirling can happen for 
forced harmonic lateral excitation of nearly square-base rectangular tanks, upright circular cylindrical tanks and 
spherical tanks. Chaos implies that steady-state wave systems are not achieved. Faltinsen and Timokha [1] document 
experimentally and theoretically by the multimodal method that chaos and swirling occur in certain excitation 
frequency domains near the lowest natural frequency for a square-base rectangular tank and an upright circular 
cylindrical tank. The frequency domains of different wave systems depend on the filling depth and the forcing 
amplitude. 
4. Sloshing-induced slamming 
Sloshing-induced slamming in membrane tanks with LNG may be the most complex sloshing problem. The 
reasons are a) sloshing involves violent liquid motions, b) many flow parameters have to be recognized, c) the 
membrane structure is far more complex than steel structures, d) the fine details of an impacting free surface may 
matter and lead to stochastic behavior even for deterministic tank motion. Thermodynamic effects may also matter 
for LNG and NG. Hydroelasticity is of concern; i. e. elastic structural oscillations are strongly coupled with 
hydrodynamics. 
Many possible impact scenarios have to be considered. A sudden flip-through of the free surface at a vertical tank 
wall can happen at very large filling ratios, e.g. 0.98. A vertical jet flow with a high velocity will, therefore, impact 
on the tank roof. Large filling ratios can cause impact on the tank roof of a nearly horizontal free surface. Another 
case is impact where the geometry of the impacting free surface causes a gas cavity. A gas cavity has a natural 
frequency associated with the compressibility of the gas and a generalized added mass due to the liquid oscillations 
caused by the gas cavity oscillations. Abrahamsen and Faltinsen [4] presented formulas for the natural frequency of 
gas cushions at rigid tank walls and roofs based on an adiabatic pressure-density relation, i.e. boiling and 
condensation of relevance for LNG and NG are neglected. Transient damped pressure oscillations in the gas cavity 
are excited by the impact. The pressure damping for a closed cavity is due to heat transfer to and from the gas cavity 
and dissipation of the boundary layer flow in the liquid (Abrahamsen and Faltinsen [5]). They also experimentally 
demonstrated that gas leakage can significantly influence the decay of the pressure oscillations in the gas cavity. 
Steep waves impacting on a vertical tank wall is important for shallow and lower-intermediate liquid depths and 
influenced by the spatial evolution of the breaking wave and by its phasing with respect to the vertical wall.  Lugni 
et al. [6] studied intended 2D water flow in a rectangular tank and distinguished experimentally three modes: a) flip-
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through, i.e. impact of an incipient breaking wave without air entrapment. b) Impact of an incipient breaking wave 
with air entrapment. c) Impact of a broken wave with air/water mixing. In the last case, the wave breaks before the 
wall, and advances towards the wall as a breaking bore. The flow is governed by the turbulence of the wave front, 
characterized by air-water mixture with many small air bubbles in the water. When the flip-through phenomenon 
occurs, the concave face of the wave approaches the wall with the crest moving forward and the trough rapidly rising 
at the wall. The presence of the wall delays breaking of the wave and causes the rise of the leading wave trough. The 
latter focuses with the wave front, giving intense acceleration to the flow and turning it in the focusing area to form a 
vertical jet. Very large pressures can occur in the flip-through condition. The high-pressure loading on the tank wall 
is sensitive to small changes of an impacting steep free surface.  
3D effects, air leakage and ullage pressure in terms of Euler and cavitation numbers have fundamental roles in the 
kinematic and dynamic evolution of the flow in case b) with air entrapment compressibility (Lugni et al. [7] [8]). 
The word “ullage” refers to the space above a liquid in a tank. The cavity closes typically after the first or second 
oscillation of the cavity. A large increase in the pressure decay coefficient was observed in the vapor pressure regime, 
i.e., for ullage pressures close to the vapor pressure of the water. 
Wei et al. [9] discovered experimentally a new wave system in 2D shallow-water conditions and harmonically 
forced longitudinal tank motion with amplitude about 10% of the tank length. A strong plunging breaker occurs on 
one side of the tank and propagates to the midline of the tank during the half-cycle of oscillation; this phenomenon 
again occurs on the opposite side and propagates to the midline of the tank during the subsequent half-cycle. Despite 
the violence of the phenomenon, no large impact load is expected on the lateral wall of the tank. The wave does not 
break at the wall and has a notably smooth flow along the wall. In fact, because of the shallow water depth, a large 
local load can be expected at the tank bottom, where the water wedge penetrates the free surface. Presence of air 
cavities was detected during tank-wall impact. 
The time scale of a fluid dynamic phenomenon such as acoustic effects relative to natural periods of structural 
modes contributing to large structural stresses is important in judging if a particular fluid dynamic effect matters. 
Graczyk’s [10] numerical studies give an idea about important structural natural periods. He examined slamming 
load effects on a part of the Mark III containment system. The hydrodynamic part of the analysis was strongly 
simplified while the structural modeling was complete. The maximum response values were of significance for the 
evaluation of the structural strength. There is a significant influence from modes with a range of natural frequencies 
from about 100 to 500Hz. An important effect of these higher modes is compression of the foam and local bending 
of the plywood plate adjacent to the resin ropes. If the influence of bubbles in the liquid is neglected, the effect of 
liquid compressibility may matter for frequencies of the order of 1000Hz and higher. However, a mixture of gas and 
liquid can significantly lower the speed of sound and thereby increase the time scale of acoustic effects. On the other 
hand, the mixture of gas and liquid in an LNG tank is not homogeneous in space and takes place in a layer of the 
LNG next to the ullage space. If the ratios between the impact duration and important natural periods are small, the 
fine details of the hydrodynamics are not needed in describing the maximum structural stresses, which occur during 
a free-vibration phase following the slamming impact (Faltinsen [11]). The situation for the membrane structure 
considered by Graczyk [10] is different. Significant response of the lower plywood occurs already during the 
slamming impact. 
Because presently there are no numerical methods that can fully describe the sloshing-induced slamming 
pressures, one has to rely on experiments, which means in practice model tests. The challenges are how to scale the 
model-test results to full scale and properly account for the structural elastic reactions (Faltinsen and Timokha [1]). 
A rigid model combined with Froude and geometric scaling is common. However, there are other fluid dynamic 
parameters to consider. If gas cavities occur, the Euler number must be the same in model and prototype scales to 
scale impact loads. The consequence is that the ullage pressure has to be lowered in model scale. Since LNG is 
partly boiling, the cavitation number is of concern. Further, the ratio between the gas and liquid density matters for 
LNG. The effect of surface tension is believed negligible. It is impossible to find a model-scale liquid that satisfies 
both the Reynolds and Froude number scaling with realistic model scale dimensions. However, the viscous effect on 
slamming is believed secondary for sloshing in a clean tank with realistic excitations.  
Model tests of slamming and sloshing are typically done with prescribed tank motion, which may be found by 
calculations as a realization of the ship motions in representative sea states. The calculations must account for the 
mutual interaction between ship motions and sloshing. Linear potential flow and empirical viscous roll damping can 
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predict the external wave loads to a large degree. However, nonlinear free-surface effects play a dominant role for 
internal sloshing loads. Even though CFD is not recommended, in general, for sloshing-induced slamming, it may 
better describe the global effect of sloshing. However, the computational speed of CFD methods makes it in practice 
unrealistic for long-time simulations in a sea state. The nonlinear multimodal method is time-efficient but limited in 
describing all flow conditions. Then we are left in practice with linear sloshing theories, which are fast and are 
commonly used. What errors are caused in slamming-induced structural stresses by using calculations of tank 
excitations based on linear theories as a basis for model tests should be investigated. An issue is also the statistical 
analysis of the response. Hydroelasticity may matter in assessing maximum stresses. Lugni et al. [12] illustrated the 
latter fact. Shallow-water sloshing with a flip-through event was experimentally studied with a rigid tank and the 
same tank with a flexible sidewall portion made by aluminum in the impact area. Dynamic structural effects are 
difficult to assess based on rigid-tank slamming pressures because added mass depends on the impacting free surface. 
A screen in the middle of the tank perpendicular to the main flow direction can reduce the slamming loads 
dependent on the opening area ratio, excitation amplitude and liquid depth-to-tank length ratio. Wei et al. [9] 
examined experimentally the problem for shallow-water conditions in a rectangular tank with dominant 2D flow and 
harmonically forced longitudinal tank motion with amplitude about 10% of the tank length. An opening area ratio 
between 0.3 and 0.4 was suggested as optimal. An important effect of the screen is the decrease of the highest 
natural sloshing period to a level where sloshing excitation is less severe. Furthermore, flow through the holes 
causes flow separation and thereby damping of resonant sloshing (Faltinsen and Timokha [1]). 
5. Conclusions 
Piston-mode resonance in moonpools is discussed. The importance of flow separation is emphasized. Maximum 
moonpool response does not occur at the piston-mode resonance for a freely oscillating 2D body in waves.  
Nonlinearities associated with sloshing in ship tanks are important. The nonlinear analytically based multimodal 
methods are more suitable than a CFD method to understand nonlinear transfer of energy, secondary resonances, 
multi-branched solutions, wave regimes and chaos.  
Sloshing-induced slamming in prismatic LNG tanks is perhaps the most complicated slamming problem because 
many fluid mechanic and thermodynamic parameters as well as hydroelasticity may matter. Further, complicated in-
flow scenarios of slamming may appear due to violent sloshing. The consequence is that both computational tools 
and model test scaling are limited. 
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